Abstract: The thermalp roperties of as eries of twenty-four ionic liquids( ILs) have been determined by isothermal titration calorimetry (ITC) with the aim of simulating processes involving water sorption.For eleven water-freeI Ls, the molecular structures have been determined by X-ray crystallography in the solids tate, which have been used to derive the molecular volumes of the ionic components of the ILs. Moreover,t he structures revealahigh prevalence of hydrogen bondingi nt hese compounds. Ar elationship between the molecular volumes and the experimentally determined energies of dilution could be established. The highest energies of dilution observed in this series were obtained for the acetate-based ILs, which underlines their potential as working fluids in sorption-based thermal energy storagesystems.
Introduction
In the last few decades, interest in ionic liquids( ILs) has grown rapidly owing to their unique chemical and physicalf eatures. [1] In addition, they are attractive beyond their use as "designer solvents" and the tunability of their properties by variation of cation and anion allows us to tailor their versatile properties, making them useful for many fields of researcha nd application, for example,i nc atalysis, [2] electrochemistry, [3] and material sciences, etc.
[4] The possibility to form N-heterocyclic carbenes (NHCs) by deprotonation of 1,3-dialkylimidazolium cations makes these substances especially interesting as organocatalysts.
[5] The occurrence of NHCs in ILs has been established experimentally and theoretically and suggests an increasedp ropensityf or carbene formation with strongly basic reagents or contaminants. [6] Interestingly,i tw as suggested that the presence of water will stabilize the ionic liquid against carbene formation andi nt urn also the stabilityo fN HCs depends on the water content. [7] Moreover,t he ability to absorb CO 2 ,i nvolving chemisorption with formation of the corresponding NHC-CO 2 adducts either in an ormal or abnormal fashion,i sw ell established. [5b, 8] Certain NHC-CO 2 adducts have been shown to equilibrate with the corresponding imidazolium hydrogen carbonates in the presence of water. [9] With respect to the use of ILs as sorption materials for thermal energy storage, the relevant feature is the hygroscopic natureo ftheseunique liquid electrolytes.
Solar thermal systemsi nc ombination with absorption storage systems have been shownt or educe the high energy consumption in air conditioning and furthermoreo pen the way to seasonal energy storage concepts. [10] An important category of such systems has an open designa ta mbient pressure without the need for elaborate vacuumt echnology. In the absorber of such systems, wateri sa bsorbed from the gas phase by ah ighly concentratedh ygroscopic electrolyte. The working fluids currently used in absorption chillers and heat pumps are LiCl or LiBr solutions, which entailproblemsconcerning crystallization [4b] ,c orrosion, [11] and storage capacity.I onic liquidsm ay be an alternative in this respect, providingt unable electrolyte properties and ah igherd egree of variation compared with classical inorganic salts as demonstrated in the absorption of gas (CO 2 ) [12] or as ad esiccant owing to their hygroscopic nature. [13] In sorptions torages ystems,h eati sr eleased by the transition from the gas phasei ntot he liquid phase (condensation) and in addition by hydrationa nd dilution. [14] The IL scaffold should allow us to optimize the latter parameters, which will improve the overall performance of such as torage system. Althought hermodynamically negligible, viscosity and surface tensiona re parameters of great practical importance for the engineering of storagedevices.
The predictiono ffundamental trends is performed based on molecular volumes for ionic liquids and for conventional salts.
[15] Thesem olecularp arameters have also been used to explain the liquid nature of ILs at room temperature. [16] The molecular volume is closely linked to the lattice enthalpy, [17] and can be determined theoretically by DFT calculations or-if possible-experimentally from crystals tructures.
In this context, we have screened as election of ionic liquids with respect to their heats of dilution/d issolution with the aim of determinings tructure-property relationships between ther-mochemical data from calorimetric experiments ands tructural aspects of the ILs. For this purpose, we have examined the crystal structures of several ILs to determine the molecular volumea nd to assess the interaction ando rientation of the anions and cations involved. The thermochemical data have been establishedb yn anocalorimetric measurements by using isothermal titrations ( ITC) . With this approach, we try to improve the properties of the ILs for thermale nergy storagep urposes in ar ational strategy and furthermore to elucidate crosslinks between selected structurala nd thermodynamic properties of ILs.
Results and Discussion
As the corrosivity of the currently employede lectrolytes towards metal-based thermal storaged evices can be mainly attributed to their halide content,t his aspecti sr elevant for the properc hoice of ILs as sorption electrolytes. Even ILs with complex halide containing anionss uch as [BF 4 ] À and [PF 6 ] À may undergo partial hydrolysis and liberate HF. [18] Likewise, the corrosivity is largely dependento nt he combination of the anion with the construction metal used. [11] In addition, other properties such as viscosity, [19] surfacet ension, [20] and diffusion are influenced both by the structure and the purity of ILs, [1b] where the most common contaminants are halides and/or water.F urthermore, the low meltingp oint of < 100 8Cm ay allow us to use neat ILs as fluids although an increased viscosity mayl imit the pump process within ad evice. Clearly, ILs with am elting point below 25 8C, so-called room-temperature ILs (RTILs), are most suitable fort he envisaged energy storage applications within the humanc omfort zone. [21] Because of the known properties and to minimize corrosivity,w ec onfined ourselves to ILs with the organic anions formate, acetate, lactate, and oxalate. In addition to the improved characteristics of the subsequenta pplication in an open sorption system, these ions are bio-compatible and seem advantageous concerning disposal after end of use. Another important point is the optimization of heat released in relation to the amount of water absorbed. This arises from the ratio of the condensation energy,w hich is constant at ag iven temperature, and the dilution energy,w hich will be discussed more deeply in the section below (ITC). When selecting the cations, the same considerations as for the choice of anionsa re applicable. Furthermore, standard variation of the cations offers modification of their desired properties. Seddone tal. described ad ecrease in water solubility with increasing alkyl chain length. [22] In turn, as hort alkyl chain results in ah igher meltingp oint and thus as olida tr oom temperature. In addition to pure alkyl chains, we also considered carboxylic acid and alcohol groups attached to the 3-position in 1-methyimidazole.
Synthesis
The synthesis of the imidazolium-based ionic liquids follows establishedp rocedures, which can be divided into two steps. In the first step, 1-methylimidazole reacts with the corresponding halide (RX) in aq uaternization reaction to the imidazolium salt (Scheme1). [23, [26] [27] [28] Dependingo nt he substance, the addition of the halide is carried out in ad ilute solution of 1-methylimidazoleo rw ithout solvent, directly in the liquid reactant. Purification was carriedo ut as described in the literature by recrystallization or washing with differents olvents. Starting from the imidazolium halides, the anionsX 1 -X 3 weree xchanged to X 4 -X 7 in as ubsequent step by using an ion exchange columna ccordingt oA lcalde et al. (Scheme 2). [24] Following the same exchange procedure, choline chloride has been transformed into the correspondingf ormate and acetate. As urvey of the ILs under investigation is summarized in Scheme2.T he completenesso ft he anion exchange was compared by integration of the 1 HNMR spectra between anion and cation and in addition with as ilver test. [25] Furthermore, the water content was determined by Karl Fischer titration. Owing to their hygroscopic nature, all compoundsw ere stored under ad ry and inert atmosphere by using ad ry box or Schlenkt echniques. Thankst ot he high purity of the compounds they were obtaineda ss olids andc rystal structures could be obtained for ILs 3, 7, 8, 12, 13, 19, [25] [26] [27] [28] [29] [30] . Apart from 8,t his is the first time structural data are availablef or these compoundst ot he best of our knowledge. [26] In addition, ac rystal structure has been reported for the closely relatedd iethylimidazolium acetate not included in our investigations. [8a] The scarcity of structural information may be attributed to the sensitivity of these solids towards trace impurities, in particular halides and water,w hich immediately liquefies the samples. Consequently,t he solid nature of these structures furtherc orroborates the purity of theseI Ls obtained by the anionexchange method.
It hasb een shown that certain ILs may undergo transformations to carbenes at elevated temperature, which therefore explains some of their unusualp roperties. Furthermore, it has been demonstrated that the gas-phase carbene formation is related to the basicity of the anion. [6] Also in our case, temperature may influence the composition of some ILs. In the case of [PMIM] [Form]a nd [IsoMIM] [Form], we observed slow transformation of the formate anion to hydrogen carbonate upon heatingu nder vacuum below 100 8Cf or 24 h. The thermal decomposition of,for example, sodium formate to sodium hydrogen carbonate via sodium oxalate is well established at temperaturesb eyond 200 8C. [27] Transformation of formate to carbonateb ya no xidant can be excluded,s ince the samples were exposed to argon atmosphere only,b esides vacuum.I nl ight of the recent interesti nt he formate-carbonate equilibrium for hydrogen storage purposes, [28] one might speculate that the special setting of the ionic liquid involving the above mentioned catalytically active carbene speciesm ay facilitate the dehydrogenative decomposition of formate. For an application as sorption media for thermale nergy storage purposes this property,i nt urn, limits the thermals tability of formate-based ILs. The identity of the resulting hydrogen carbonates could be unambiguously confirmed by single-crystal structures for the propyl-and isopropyl imidazolium species 25 and 26.T he hydrogen carbonate-based ILs 13, 19, 25, 26 show poorer solubility in polar organic solvents and also in DMSO compared with the above mentioned carboxylates and in addition they exhibit lower hygroscopic properties. Nevertheless, they need to be stored in ad ry atmosphere,a sw ell, to maintain the purity of the samples.
Isothermal titration calorimetry (ITC)
The hygroscopic properties vary widely between ILs. [29] Not only the rate of absorption, but also the reduction of the vapor pressure is an important criterion for sorbents election for thermals torage applications. It has been shown that the anion plays am ore significant role in the absorption process and, moreover,h as as trong influence on the miscibility with water. [1b, 30] Water solubility over awide range is abasic requirement for use as the absorbing mediumi nasorption-based thermals torages ystem.I th as been shown that there are different aspects of interaction of water with imidazolium-based ILs as afunction of dilution. [7, 31] In addition to the analysiso ft he IR spectra,i sothermal titration calorimetry (ITC) provides au seful tool to determine the interaction between water and IL as af unction of dilution. The energy released is dissipated as heat to the system, which can be monitored by ITC. Following aBorn-Haber cycle,the underlying processes can be divided into the followingf undamental steps: [32] 1. separation of water to free water molecules (endothermic);
2. evaporation of the salt into the vacuum, consuming the lattice energy (endothermic); 3. hydration of ions with free water molecules (exothermic).
The sum of these processes is substantially determined by steps 2a nd 3. With large lattice energy or small hydration energy,the solutionp rocess may well be endothermic.
Dilutionenergies of ILs
In the context of sorbentsf or thermale nergy storage, the contribution of the hydration energy wasm ostly neglected so far. The main contribution in the heat releasing sorptions tep is the condensation energy,w hichr enders about À44 kJ mol À1 H 2 O. [33] Moreover, the heat of solution is usually taken into consideration for sorption processes, although the tabulated values refer to low concentrations and infinite dilution, which differs substantially from the conditions actually used in thermale nergy storagea pplications( e.g.,4 4wt% LiCl). [34] At higherc oncentrations, valueso fL iCl with about À5.4 kJ mol À1 H 2 Oa nd CaCl 2 with À2.55 kJ mol À1 H 2 Oh ave been reportedf or technically important electrolytes. [34] As in ar eal sorptionp rocess only al imited concentration range is used, the heat of solution is not fully released. Therefore, we are convinced that only the heat of dilution over acertain concentration range is relevant to compare different liquid sorbents. By using ITC, we experimentally determined the energies of dilution for as eries of ILs, in comparison to LiCl as ab enchmark, which is currently in use in commerciald evices ( Figure 1 ). The ITC data show that the dilution energy of ILs can be quite substantial. In fact, several ILs provide substantially higher heats of dilution than LiCl. lower energies than the respective acetates. Overall, the titrations indicatet hat for the ILs under investigation the anion largely determines the heat of dilution.B ased on this, [EMIM] [Ac] shows av ery good compromiseb etween the strong interaction of ions with water and, moreover,i ti s liquid over the entire concentration range. Furthermore, the heat of dilution obtained for ac oncentration range relevant for application is not only substantially highert han that of LiCl, but amounts to one third of the condensation energy of water and therefore shouldb eq uite relevant for the overall performance of sorption-based thermal energy storage devices. For direct comparison, the energy released by the sorption of one mole of liquid water into 1kgo fl iquid sorbent amounts 
Determination of molecular structures
The molecular structures of compounds 3, 7, 12, 13, 19, [25] [26] [27] [28] [29] [30] have been determined by single-crystal X-ray diffraction. Within the series of imidazolium structures, no large deviations of structuralp arameters within the cations or the respective anions are observed. Nevertheless,amediums trong hydrogen bond (OÀH···H) between cation and anion is frequently observed, as exemplified by the molecular structures of cholinebased 29 and 30 ( Figures 2a nd 3) . From the solid-stated ata, no evidencef or az witterionic character of the choline moiety can be derived.
Imidazolium-based ILs containing aliphatic side chains on nitrogen (3, 12, 13,a nd 19,F igures 4, 6, and 7) do not showa ny interactions in the packing between sheets. In the molecular structures of 7, 27,a nd 28 ( Figure 5a nd in the Supporting Information), the ethanol side chains are turned almost perpendicular to the respective imidazolium ring. The torsion angles (C11-N11-C14-C15) are 86(3)8,1 09.99(62)8,a nd 89.47 (30)8,r espectively.S everal hydrogen bonds are found in these structures and these bondsi nfluence the unique packing within the solid state of ILs (Table 1 ). The presenceo fh ydrogen bonds involvingt he "abnormal" CÀHc an be observed for 12, 13, 25, and 26.O wing to the lack of structurali nformation for ILs in general,t his feature is difficult to judge, however,i ti sc losely related to findings for abnormal hydrogen bondingi n NHCs. [8b, 35] In structures 27 and 28,v ery weak hydrogen bonds (CÀ H···O) are observed anda re electrostatically stabilized. Those bonds serve as bridges between two cations over an anion and form as heet pattern in structure 28 and ah erringbone pattern in structure 27 ( Figure 5 ). These patternsa re connected througha nother hydrogen bond, OÀH···O. In structures 27 and 28,t here is no evidencef or zwitterionic moieties or conjugated acid of the corresponding anions.
The packing pattern of structure 12 ( Figure 6 ) shows aw rinkled sheet motif, whereas the packingp attern of 13 (Figure 7) shows as light bending of the planar motif, forming zigzag-like sheets.S tructure 19 shows ap ure planar sheet motif. Twoc ations are bridged by one anion through very weak hydrogen bonds similar to those observed in structures 27 and 28.A s with the former imidazolium structures,e videncef or az witterion could not be obtained.
In structures 25 and 26,t he hydrogenc arbonate anion is involved in severald ifferent hydrogenb onds to the imidazolium ring as evident from aC ÀH···O weak hydrogen bond, whichi s stabilized electrostatically like in the previous structures (Figure 8 ). This bondings ystem in structure 26 leads to as heet-like pattern of imidazolium rings, which are connected via hydrogen carbonate anions. Structure 25 shows no special packingb ut only hydrogen-bonded dimers of hydrogen carbonatea nions. The same dimer can be observed in structure 26 (see the Supporting Information).
Relationship between molecular volume and heat of dilution
The ITC measurements show that both the cation and anion influence the dissolution behavioro ft he ionic liquid in water. To study the dilution process in more detail, all titrations were performed at the same concentration( mole fraction of 0.5 IL/ H 2 O). At this concentration,t he ILs are completely dissolved, and the heat released can be attributed to ap rogressive hydration of the ions. As already mentioned in the Introduction, the prediction of physicalproperties by means of arelationship to the molecular volume has been established by Krossing Table 1 . Hydrogen bonds of 27, 28, 12, 13, 19, 26,and 25 . (2) 148.4(18) 1/2Àx, À1/2Ày, Àz 
For the calculation of the molecular volume, different methods exist. Jenkins et al. [17a] use the ionic radii of the cation (r + ) to calculate the cationic volume (V + ).
With this value, it is now possible to gett he anionic volume (V À )b ys ubtraction of the cell volume (V cell )d ivided by the number of formula units with the cationic volume (method A).
In this approach, however,t he free volume between the ions is added to that of the anion,w hereby the volume of the latter is artificially increased. Nevertheless, the molecular volume( V m )i nt otal remains correct by this calculation. An improvedm ethod was presented by the same authors in 2008 (methodB). [36] In this case, the free volume is now distributed equallyb etween the cation and anion. In addition to the above mentioned methods, it is possible to separatet he free volumef rom the molecular volumeb yc alculation of the Hirshfeld surface [37] within the unit cell of ac rystal (method C).
[38]
Here, we use the experimentald ata of the substances 3, 7, 12, 13, 19,a nd 25-30 to determine the molecular volumes. Calculation of the individual volumes for the ILs are listed in Table 2 . In particular,t he evaluation according to the older method showsalarge deviation from the calculation of the Hirshfeld 0.143 AE 0.007 [b] 0.133 [EMIM] 0.156 AE 0.018 [a] 0.169 AE 0.007 [b] 0 -- [Cl] 0.047 AE 0.013 [c] 0.03 AE 0.00005 [d] 0.028 [Br] 0.056 AE 0.014 [c] 0.036 AE 0.00005 [d] 0.037 [I] 0.072 AE 0.016 [c] 0.049 AE 0.00005 [d] 0.053 [NO 3 ]0.064 AE 0.011 [c] 0.049 AE 0.00005 [d] 0.051 [HCO 3 ]0.064 AE 0.003 [c] -0.050
[a] Ta ken from Ref. [16] . [ b] Ta ken from Ref. [39] .
[ c] Ta ken from Ref. [17a] .
[d] Ta ken from Ref. [36] . Figure 9 .
From the graphs it is clearly visible that not only the size of the anion, but also its nature influencest he heat of dilution. The decrease in the heat of dilution forat itration of ILs with inorganic anionsi sc loset ol inear.W ith increasing size, the effective charge decreases, which also reduces the size of the hydration shell.T he compounds with organic anions provide am uch larger heat of dilution despite of an almosti dentical size. This may be explained either by as tronger interaction between water and the anions, or by aw eaker interaction between the anion and cation. The anion-cation interaction is also reflected in the meltingp oints of these ILs, which are above room temperature for the halides, nitrates, and formates, but below room temperature for the acetates and lactates. As mentioned above, the charged ensity at the surface of the ions is expected to be relevantf or the anion-cation interaction. Furthermore, the latter may be less efficient for anisotropica nionic entities of low symmetry,w hichw ould agree with our findings. Surprising to us, the symmetry of the cation seems to be less important.T herefore, the trends of the released heats for the [MMIM]a nd the [EMIM] cations are almost identical. In both cases, the acetate speciesr enders al arger heat of dilution comparedw itht he corresponding formate, even though it has as malleri onic radius, and thus ah igher effective charge. In all exothermic titrations, no endothermic signal forms could be observed, which would suggest aseparation of the cation from the anionb yw ater.A so utlined before, the anion largely determinest he heat of dilution. However, cations with functional groups such as ethers or alcohols may also influence this energy ( Figure 10 ). Moreover, strong anioncation interaction may further limit the interaction with absorbed water as, for instance, in lithium acetate, which shows only limited solubility in water and very low dilution energies (Figure 1) . 
Analysis of the solution process of ILs
ITC provides the possibility to record the energy profile of the dilution or dissolution of as ubstance, by partial addition of water.T his method does not only allow us to measure the heat energy exchange but also tracks different stages of the hydration processes on incremental addition of water in the mL range.T he different hydration behaviorc an be related to differencesi nt he crystal structures of theI Ls under discussion.
During ITC measurements of the neat substances, compounds 7, 12, 13, 27-30 show atransition from an initial endothermict oas ubsequent exothermic process. Depending on the substance, this transition occurs after addition of only very small amounts of water.
In the case of [MMIM] [Ac] 12,t he transition from endothermic to an exothermic signal occurs at ar atio of about 14:1 for IL to water,w hich amounts to 24.4 kJ mol À1 H 2 O. Thisc orresponds to amole fraction of 93.28 %.
At this high concentration,i tm ay be more meaningful to describe the mixture as as olution of water in the ionic liquid. [40] Therefore, initial processes such as breaking the crystal lattice and entropy-driven cleavage of attractive forces amongw ater molecules in favor of water-IL interactions may result in the observed endothermic signal. With increasing amountso fw ater,t he exothermic contribution of the solution process predominates this behavior,w hich could be attributed to ion hydration.T he amount of heat released by this process increases upt oav alue of about À12 kJ mol À1 H 2 Oa tamole fraction of 73.51 %a nd ar atio of about 3:1I Lt oH 2 O. In addition, the solutionp rocess was independently trackedo utside of the calorimeter and this confirmed an initial decrease followed by as ubsequent increase in sample temperature.
By changing from acetate to formate 13 with the same cation, 1,3-dimethylimidazolium,t he transition from endothermic to exothermicw as observed at ar atio of 2:1I L/H 2 O. The maximum exothermic quantity is released at ar atio of 3:2I L/ H 2 Ow ith an energy of À8.1 kJ mol À1 H 2 O. As imilar solution behavior in the titrationa nalysisw as found for the alcohol-substituted imidazolium salts 27 and 28. For an endothermic-exothermic transition in the case of the acetate species, ar atio of about 16:1 IL/H 2 Oi sr equired, whereas the formate species requires ar atio of 4:1I L/H 2 Ofor an exothermictitration signal.
For compound 29,t his transitioni sl ocated in an even narrower concentration range. At ar atio of 3:1, as tronge ndothermicp eak at about 8.2 kJ mol À1 H 2 Ow as measured, whereas the amount of heat increases at ar atio of 5:2t oa pproximately À8.2 kJ mol À1 H 2 O. Again-as for all other titrations-the maximum amount of heat released by the process could be associated with at ransition from the solid to the liquid state. In contrast to the imidazolium-basedI Ls, the endothermic-exothermic transition of [Cholin] [Form] 30 occurs at ah igher ratio than that of the acetate species 29.T he calculation results in ar atio of 13:1 and am aximum endothermic signal of 12.0 kJ mol À1 H 2 O. This increases to an exothermic signal of À6.3 kJ mol À1 H 2 Oa taratio of 5:1. As urvey of the ratios of IL/ H 2 Oa nd the endothermic to exothermic transition is summarized in Ta ble3.
Conclusion
We have determined the molecular structures of as eries of ionic liquidsi nt he solid state by X-ray diffraction.B ased on these experimental structurald ata, the molecular volumes of the ions constituting the ILs have been derived. Furthermore, the heat flow upon addition of water of the same ILs has been determined and related to the previously obtained molecular volumes. For the more symmetric inorganic anions, such as halidesa nd nitrate, al inear relationship between energy and dilution and molecular volumeo ft he anion could be established. In turn, higher energieso fd ilution have been observed for the lower symmetric organic anions, such as acetate, formate, andl actate, which may likely be attributed to the reduced lattice energies/cation-anion interactions for the latter, leaving them more prone to interaction with water.I np articular,h igh dilution energies have been observed for imidazolium acetates, which in the context of water sorption amount to roughlyo ne third of the condensation energy of water itself. These resultsp rovide guidance for the design and selection of liquid electrolytes for applications such as thermal energy storage systems fori mproved energy managementi ni ndustrial and domestic settings.
Experimental Section
All chemicals were purchased and partially purified by standard techniques, as describe in the literature. To ensure the high purity of the ionic liquids, some reactants, such as 1-methylimidazole, and the solvents were distilled and dried if necessary.T he syntheses were carried out under standard inert gas conditions. The ionic exchange reactions were carried out by means of the resin Amberlyst A-26 in the OH À form, which was purchased from Sigma-Aldrich. X-ray diffraction measurements were performed with aS toe StadiVari with Dectris Pilatus 200 Kd etector or Stoe IPDS 2w ith STOE image plate detector (diameter 34 cm), both using monochromatic Mo Ka radiation from aM oG enix source with l = 0.71073 .T he structures were solved by using direct methods (SHELXL-2014) and refined by full-matrix least-squares techniques against F 2 (SHELXL-2014). [41] The non-hydrogen atoms were refined with anisotropic displacement parameters without any constraints. The Ha toms on the imidazolium rings, located at the carbon between two nitrogen atoms, were found in the differential Fourier map and refined without any constrains. Further programs used for analysis and visualization of structural information include WinGX, Parst, and Mercury.
[42] Details of the structure determinations and refinement for 3, 7, 12, 13, 19, 25-30 are summarized in Ta ble 4-6. CCDC 1483338-1483348 contain the supplementary crystallographic data for this paper.T hese data are provided free of charge by The Cambridge Crystallographic Data Centre. The thermal analysis of the heat of dilution and the heat of the solution process was carried out with aT AM III from TA Instruments, equipped with an anocalorimeter.T he isothermal titration calorimetry (ITC) was carried out in 1mLa nd 4mLg lass ampoules. The ITC measurements were carried out in part with solids without stirring or with the appropriate solutions in water,w ith stirring frequencies between 100 rpm and 200 rpm. As as tirrer,ag old propeller was used. The added amount of water and the operating time between injections were adjusted to the respective experiment. It should be noted that the statistical error of each measurement is smaller if more measurements are taken in this concentration range. The concentration given in mass percent
]a lways refers to the concentration at the start of the injection of water.T he greater the amount of water in relation to the presented mass, the greater the concentration range covered in the measurement. As the samples were measured and handled at isobaric conditions in ambient air with relative humidity [RH] between 30 %R Ha nd 50 %R H, minimal absorption of water before the start of the experiment could not be avoided (Table 7 ). The ,a ta na rea of 0.95 cm 2 (corresponding to the bottom surface of the ampoule), at at emperature of 23 8C, and ar elative humidity of 54 %. The average of weighed mass within the measuring ampoule is 500 mg. This results in an error of the water content of about 0.2 %, starting from an initial water content in the 1000 ppm range.
The determination of the water content was performed in ac oulometric titration by using the device 7500 TitroLine KF trace of SI Analytics. The solid substances were dissolved in as uitable solvent, the water content of which had been previously determined. 1-Propyl-3-methylimidazolium bromide (5):T he synthesis of substance 5 was performed according to Burrell et al. [43] 1 HNMR (500 MHz, CD 2 Cl 2 ): d = 10.36 (s, 1H), 7.51 (s, 1H), 7.46 (s, 1H), 4.27 (t, J = 6.2 Hz, 2H), 4.06 (s, 3H), 1.94 (qt, J = 7.0 Hz, 2H), 0.96 ppm (t, J = 7.0 Hz, 3H); 13 CNMR (100.5 MHz, CD 2 Cl 2 ): d = 137. 8, 123.6, 122.2, 51.6, 36.7, 23.8, 10 .7 ppm.
1-Isopropyl-3-methylimidazolium bromide (6):T he synthesis of substance 6 was performed according to Burrell et al. [43] 135.4, 123.6, 120.4, 52.1, 35.7, 22.4 ppm;m .p.:7 98C. 1-Hydroxyethyl-3-methylimidazolium bromide (7):T he synthesis of substance 7 was performed according to Han et al. [44] The halide anions of the imidazolium (3-7)a nd choline (2)c ations were exchanged in as ubsequent step by using an ion exchange column according to Alcalde et al. [24] The completeness of the anion exchange was compared by using the integration of the 1 HNMR spectra between the anion and cation and in addition with as ilver test. [25] Furthermore, the water content was determined by Karl Fischer titration. Owing to their hygroscopic nature, all compounds were stored under ad ry atmosphere by using ad ry box or Schlenk techniques after drying. Drying was performed by heating the corresponding IL in aS chlenk flask at 65 8C( water bath) under vacuum (10 À3 mbar) for one day.
1,3-Dimethylimidazolium bromide (10) 8, 123.6, 121.9, 45.1, 36.6, 15.6 ppm.1-Ethyl-3-methylimidazolium acetate (18): 1 HNMR (500 MHz, CD 2 Cl 2 ): d = 11.23 (s, 1H), 7.35 (m, 2H), 4.30 (q, J = 7.4 Hz, 2H), 3.99 (s, 3H), 1.79 (s, 3H), 1.50 ppm (t, J = 7.4, 3H); 13 CNMR (100.5 MHz, CD 2 Cl 2 ): d = 176. 5, 139.5, 123.0, 121.2, 44.9, 36.0, 25.1, 15 .3 ppm.
1-Ethyl-3-methylimidazolium formate (19) 6, 138.5, 123.2, 121.4, 67.9, 45.0, 36.1, 21.4, 15 .3 ppm.
1-Ethyl-3-methylimidazolium nitrate (21):
1 HNMR (500 MHz, CD 2 Cl 2 ): d = 9.93 (s, 1H), 7.37 (m, 1H), 7.36 (m, 1H), 4.30 (q, J = 7.4 Hz, 2H), 3.99 (s, 3H), 1.55 ppm (t, J = 7.4 Hz, 3H); 13 CNMR (100.5 MHz, CD 2 Cl 2 ): d = 137. 7, 123.3, 121.6, 45.3, 36.3, 15 .2 ppm.
1-Propyl-3-methylimidazolium acetate (22) : 1 HNMR (500 MHz, CD 2 Cl 2 ): d = 11.14 (s, 1H), 7.41 (m, 1H), 7.36 (m, 1H), 4.21 (t, J = 7.4 Hz, 2H), 4.00 (s, 3H), 1.88 (qt, J = 7.4 Hz, 2H), 1.78 (s, 3H), 37-25.892.47-25.842.31-25.86 Index ranges À8 < h < 8 À8 < k < 8 À11 < l < 11 
